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1 INTRODUCTION 
Soil is an assembly of particles. Under load these 
particles pass forces to their neighbours in terms of 
contact forces. The particles size, shape, surface and 
material properties will influence the network of 
contact forces. For the assessment of the soils capa-
bility to withstand erosion this study is focused on 
the distribution of these forces. The effect on the re-
sistance of the particles against drag of seepage is 
not considered. To take a detailed view on the forces 
between the particles we have to switch from the 
macro to the micro scale to get an insight of the soil 
in aspect of internal erosion, especially suffusion. 
In the research field of suffusion a lot is already 
achieved (Terzaghi 1922, Ziems 1967, Kenny & Lau 
1986, Burenkova 1993, Wan & Fell 2008, Witt 
2013). There is a small field of problematic soils, 
which are widely graded. The main difference caus-
ing the problems is the diameter range of the parti-
cles. The more the maximal and minimal diameter of 
the particles differ, the more effort is necessary to 
assess the soil in aspect of suffusion and other ero-
sion phenomena. To take this in concern, based on 
the bimodal structure theory of widely graded soil 
(Witt 2013) the influence of the effect of the forces 
is reduced to the ratio of the sizes of the particles. To 
compare the results to our experiments on artificial 
soil of glass beads (Jentsch et al. 2016) the common 
assumption of spherical particles shape (O’Sullivan 
2011) is made, the surface and material properties 
are set the same for all particles. The discrete nature 
of soils establishes a non-continuous and discrete 
load transfer behaviour. This kind of behaviour is re- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Type of matrix for granular packings (Jentsch 2016) 
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ABSTRACT: The soil structure affects directly the capability of distributing and transmitting forces between 
its particles. Thus, the particle arrangement dictates the performance of soil under hydraulic and dynamic 
loads. This paper describes an analysis method in which the skeletal force chains of the particle assembly 
(packing) can be identified based on Discrete-Element-Method (DEM) modelling. For the simulations the 
software LIGGGHTS is used. A widely graded particle size distribution (PSD) is investigated to find correla-
tions between PSD and the micromechanical properties of the particle assemblies. These PSD is based on 
common internal stability criteria prone to suffusion.  
The different roles of fractions of the PSD in packings and the force chains under specified load are analysed. 
Therefor a packing is generated with the Modified-Force-Biased-Algorithm (MFBA). A method based on the 
bimodality of widely graded PSDs is proposed to differentiate the soil skeleton and the fill of packings of 
such a PSD. Particle contact number and contact forces are evaluated to identify the amount of loose particles, 
which are potentially mobile particles. The influence of the packing homogeneity on its skeleton is also ad-
dressed. The described method provides a better understanding of the soil structure as well as of internally 
stability of widely graded soil. 
lated to the particle assembly in microscale (Oda et 
al. 1982), which can be called the matrix. In the past, 
many researchers (Oda 1972a, Cundall & Strack 
1979, Mitchell & Soga 2005) worked on the linkage 
of the matrix to the mechanical response of the par-
ticulate media, concentrating on describing the pack-
ing state and distribution of particle contacts.  
It is difficult to determine the parameters of a granu-
lar packing by experimental means, because with the 
common state of technology, the materials internal 
structure cannot be observed without destruction. 
Therefore numerical simulations can be used to gain 
information about micro mechanical behaviour and 
to facilitate development of a micromechanics-based 
constitutive model of discrete materials. Unlike 
physical and analytical models, numerical simula-
tions can provide essentially any desired piece of in-
formation (stresses, strain, detailed micro-
mechanical statistics, and spatial distribution of ma-
trix parameters) at any step during loading (Salehi 
Sadaghiani et al. 2014; Winkler et al. 2014). 
2 DEM-MODEL 
The DEM has become a common tool analysing 
soils structure (Cundall & Strack 1979) with spheri-
cal particles (O’Sullivan 2011). Many parameters of 
the packing and its discrete particles can be obtained 
using DEM-models. To link the results of the nu-
merical simulation to those encountered in field situ-
ations it is important to use a representative element 
volume (REV) (Salehi Sadaghiani et al. 2014).  
For investigations on internal erosion, especially suf-
fusion, it is important to identify the structure of the 
soil skeleton and fill. Therefore the packing of the 
soil should have the certain characteristic, like bulk 
density and porosity. For that reason packing gen-
eration with the intuitive approaches is not promis-
ing. The sequential methods like sedimentation algo-
rithm or random sequential addition generate very 
loose packings which are not suitable for modelling 
soils with an porosity below 35%. An approach like 
collective particle rearrangement which after Elsner 
(2009) is proper for the generation of dense packings 
can be used for generation of packings of the soil. 
The method is based on the algorithm of Jodrey & 
Tory (1985), which was initially developed for 
monodisperse packing. Mośiński & Bargiel (1989) 
extended this method to the Forced-Biased-
Algorithm (FBA). This algorithm is used in a modi-
fied form to meet the requirements for polydisperse 
packings and implemented in the open source DEM 
Code Liggghts (Kloss & Goniva 2011), so we call it 
Modified-Force-Biased-Algorithm (MFBA). To re-
duce the particle numbers, and so the computational 
effort, and full fill the recommendations of the REV 
it uses periodic boundaries. To avoid segregation 
and get a isotropic and stochastic homogenous pack- 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Close Random Packing generated with the MFBA 
 
ing a gravitational force is not applied. The compac-
tion of the packing is achieved by particle growth. 
The resulting contact forces cause a subsequent rear-
rangement of the particles (Winkler et al. 2014). The 
growth of the particles is controlled by a confined 
pressure referring to a compaction energy similar to 
the Proctor-test. This compaction energy is stored in 
the packing and results in a confined pressure which 
causes the particle contact forces. The rearrangement 
goes on until the particles overlapping has mini-
mised to a tolerable value. In Figure 2 a polydisperse 
packing representing a widely graded  
 
Table 1. Particle Size Fractions of PSD1 
 
Fraction:   #1   #2   #3   #4   #5   #6 
Diameter [mm]:  27.0  13.5  5.86  2.99  1.48  0.9 
 
 
Table 2. Parameters for the DEM simulation using the MFBA 
 
Parameter         Value    SI-Unit 
 
Simulation box        0.1 x 0.1 x 0.1 m 
Boundaries        periodic     
Gravity          no       
Time Step Length      10e-7    s 
Granular Model       Hertz (tangential history) 
Particle Diameter      27 – 0.9    mm 
Particle Number       up to 320,000 
Young’s Modulus      50.0     GPa 
Poisson’s Ratio        0.35     - 
Coefficient of Restitution   0.5     - 
Coefficient of Friction     0.5     - 
Coefficient of Rolling Friction  0.001    - 
Cohesion Model       simplified J-K-R 
Cohesion Energy Density   3.0e5    J/m³ 
 
soil generated by the MFBA is shown. This method 
matches very well the complicated behaviour of a 
dense, polydisperse packing for a given PSD (Win-
kler et al. 2015). 
A major problem of the numerical simulations is the 
enormous computational effort, rising with the num-
ber of particles. The most important and most chal-
lenging issue on widely graded soils is the relation in 
size of the coarsest (dmax) to the finest (dmin) particle 
fractions. Particle assemblies with a ratio of 1.0 are 
called monodisperse, all particles are of the same 
size. The higher the ratio, the more the assembly 
gets polydisperse. The big variance in particle size 
entail a high number of small particles. Since the 
widely graded soils which are prone to suffusion, are 
gap graded, the fine fractions claim a high percent-
age of mass and a still higher share in particle num-
ber. Because the major essence of the widely graded 
soils is the polydisperse manner and wide range of 
the particle size, this work focuses on PSD1, which 
is shown in Figure 3. The PSD is represented by 6 
particle size fractions in the range of 27 to 0.9 mm 
which gives a ratio of dmax to dmin of 30. In Table 1 
the particle size fractions are named. Regarding the 
REV this is the packing with the widest range at the 
moment generated with the MFBA. A wider range 
will cause higher particle numbers, which increase 
the computational effort over a sensible limit. In Ta-
ble 2 the essential parameters of the DEM model are 
summarised. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. PSD of PSD1 with particle size fractions  
3 NUMERICAL SIMULATION 
The numerical simulation can afford a detailed view 
inside the micromechanical behaviour of the packing 
of the widely graded soils. It provides the geometric 
data (particle coordinates, size and velocity) and a 
lot of additional parameters (contact number, stress-
es). Also the information about every single contact 
(data on involved particles, force vector, distance 
vector) are obtained. Since the particles have  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Network of particle forces, particles are scaled-down 
 
multiple contacts, the volume of the contact data is 
about average contact number higher than the parti-
cle data. This will generate a lot of data, storing the 
progress of the packing over the simulation time. 
The simulation of PSD1 contains the data of 320,000 
particles and ca. 1 million contacts at 119 moments. 
This data has to be analysed. Therefor normal 
spreadsheets are not suitable. For analysing the 
amount of data tools were written in the program-
ming languages python and C++.  
The primary objective was to examine the distribu-
tion of contact numbers and contact forces over the 
particle size to assess the assumption of the bimodal 
theory. The particle based data was condensed to 
some parameters for every particle size fraction. The 
parameters are mainly 3-dimensional force vectors, 
their magnitudes and averages referring to the parti-
cle size fractions. 
In second position the properties of the particle con-
tacts were analysed and the relations between the 
particle size and contact forces were determined. 
The interacting particles of a contact are ascertained 
and the number and forces of the contacts per com-
bination of the particle size fractions are evaluated. 
Not only the network of forces, which identifies the 
skeletons particles of the packing, also the microme-
chanical relations between the particle size fractions 
can be analysed. 
To ensure that the observed behaviour of the pack-
ing represents the characteristics of the PSD investi-
gated, the packing was divided in sections and the 
deviation of the PSD for each section checked. 
Hence the stochastic homogeneity can be easily as-
sessed.  
To visualise the network of the particle contact forc-
es, the data was rendered in the visualization appli-
cation ParaView (Fig. 4). It gives a picture how the 
forces are accumulated at the coarse particles.  
4 RESULTS 
The distribution of the contact numbers (Fig. 5) and 
contact forces (Fig. 6) over the particle size are 
shown in diagrams. Remind that 96% of the particle 
number account for the finest fraction #6. While the 
average contact number per particle (Fig. 5) is the 
highest for the coarsest fraction #1, the total number 
of contacts is dominated by the fraction #6. This is 
caused by the ratio of the particle surface. Since the 
coarsest particles are 30 times bigger than fraction 
#6, they will have a surface multiplied by 900, 
which gives more place for neighbours and contacts. 
A similar picture is given by Figure 6 for the contact 
forces. The highest average contact force by particle 
is reached by the coarsest fraction #1, yet the majori-
ty of the total contact forces in the packing is carried 
by the finest fraction #1. This seems contrary to the 
assumption of the bimodal theory, supposing a skel-
eton of the coarse particles and a fill consisting of 
the finer fractions. In order to pursue this, the parti-
cles involved in the contacts are moved into focus. 
To show the number of combinations of the particle 
fractions in Figure 7 a heat map is shown. The dark-
er areas indicate higher values. Very clearly the con-
tacts amongst the smallest particles of fraction #6 
dominate the packing by number. 65% of the con-
tacts in the packing are contacts of the smallest par-
ticles. In Figure 8 the average contact forces be-
tween the particle size fractions are depict. The 
contacts of the coarse fractions dominate the per 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Diagram - Contact Number over Particle Size 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Diagram - Contact Force over Particle Size 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Number of Contacts between Fractions [-] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Ave. Contact Force between Fractions [N] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9. Total Contact Force between Fractions [N] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10. Ratio of the Particle Diameter of the Fractions [-] 
particle forces, which shows that the coarse particles 
are exposed to high stresses. In the next heat map 
(Fig. 9) the total forces of the combination of the 
particle size fractions are shown. There are two dark 
areas. One hot spot is the combination of particles of 
fraction #1 with #2, but a still higher level of abso-
lute contact forces of the packing are observed at 
contacts amongst fraction #6. The author assumes 
that particles are transmitting load preferred to parti-
cles of the same size. The lowest total contact forces 
are between the particles of fraction #3 and #5. The 
second lowest total contact force occurs amongst 
particles of fraction #4. Obviously there is a devia-
tion of the middle sized particle fractions. To exam-
ine if the behaviour of fraction #4 and #5 is caused 
by the minor average differences in size to the other 
fractions (what is implied in the nature of the middle 
sized particles), in Figure 10 the ratio of the particles 
diameter of every fraction is calculated. Fraction #3 
has the most narrow range of diameter ratio of max-
imal 6.3 to fraction #6. The gap of fraction #5 can-
not just be explained with the particle size ratio, but 
they seem not well included in the skeleton of the 
packing.  
This brings us to the distribution of the particles con-
tact forces within the fractions. Thereto a histogram 
of the average contact force of the particle size frac-
tion for 11 intervals of 20% is depicted (Fig. 11). 
The interval of 100% complies to the average value 
of the fractions contact force. Since the trends of 
fraction #3 and #5 fit in the pattern, for clarity they 
are neglected. The finer the fraction, the higher the 
proportion of particles in the fraction with low to no 
contact forces. In fraction #6 39% of the particles 
share less than 20% of the average contact force of 
the fraction. So a higher percentage of particles in 
the finer fractions is not involved in the skeleton. 
These particles are loose in the assembly and poten-
tially mobile. The particles of the coarser fractions 
show rather a curve like the assumed normal distri-
bution. The curves meet at the upper range of the 
contact force and share the same percentage of outli-
er. Through the discrete nature, the finer the frac-
tions, the higher the particle numbers and the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Histogram of Contact Forces by Particle 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12. Deviation of the PSD in the Sections 
 
smoother gets the curve. To estimate the quality of 
the results, the homogeneity of the packing, as a spa-
tial distribution of the particles, is considered. To as-
sess the deviation of the porosity the coefficient of 
variation (CV) is used. The CV is about 3%. For the 
deviation of the PSD, the particle numbers in the 
sections are counted. The highest deviation shows 
fraction #2 with a CV of 14%, which after Phoon 
(2008) is still a good result. For the finer fractions a 
CV of 5% is achieved. Figure 12 gives an overview 
about the deviation. 
5 CONCLUSION 
With the numerical simulation of random close 
sphere packings generated with the MFBA the load 
carrying particles of the soils skeleton are identified. 
The distribution of the contact forces over the parti-
cle size fractions and the amount of fill and skeleton 
in the packing, depending on the particle number of 
the fraction and the ratio of the size of the particle 
fractions, can be quantified. The results approve the 
bimodal theory, but without a sharp boundary of 
skeleton and fill. Rather there is a steady transition 
of the coarse skeleton to a next finer ones over the 
whole PSD. Through the higher number of particles 
and contacts, the finer skeletons have more capabili-
ties of rearrangement, which results in a lower stiff-
ness. The polydisperse sphere packings have multi-
ple skeletons with different stiffness which permeate 
and influence each other. The coarse particles of the 
primary fabric carry in total less load than the sum 
of all the smallest particles. Of course, removing a 
coarse particle will change the ability of load carry-
ing more than removing one fine particle, but re-
moving the same mass of fine particles like the mass 
of one coarse particle will make an even bigger 
change. That it is the reason why the assessment and 
to prevent suffusion is so important and not just be-
cause the loss of fine particles results in a decrease 
of volume, which will allow a rearrangement of the 
primary skeleton. If all particles are involved in the 
skeletons of the packing suffusion cannot occur. In 
widely graded soils which often are gap graded the 
transition between the skeletons of different scale 
can be disturbed, also in locally segregated areas of 
the packing this may appear. Such a weak spot can 
be seen in Figure 9 at the interaction of fraction #3 
and fraction #5. The wider the range off the particle 
size, the greater the problem. If the graduation of the 
particles in the packing allows the transition of the 
skeletons, every particle is involved in a skeleton, 
else there are some potentially mobile particles. If 
the pore path is wide enough they could be washed 
out by the drag of the seepage water. 
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